A.M. Chekalyuki3, F.E. Hoge3,
R.N. Swift?, J.K. Yungel?, P.E. Lyon?

!Hampton University, ’(EG&G Services,
SNASA Goddard Space Flight Center
Wallops Flight Facility, chekaluk(@osb.wff.nasa.gov



Objective: Remote Assessment off Phytoplankton

Physielegy, Pigments andl Functional Groups

Carbon, Ecosystems, and Biogeochemistry

Wﬂ!Wntamtma (Coupling, Model-Data Fusion, Assimilation)

T High-Resolution Atmospheric CO,
Unfunded
Partnership )

T Profiles of Ocean Particles

T = Technology T Physiology & Functional Groups
development

= Field % Wtha A : peTE

Campaign

T MNew Ocean Carbon [ Coastal

Event Observations

T Vegetation 3-D Structure,
Biomass, & Disturbance

W Giobai CH,, Wetiands & Flooding i
Elnbal Atmospheric CO, (OCO)

%. American Carbon Program )
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Knowledge Base

productivity and

Large uncertainties in
biomass, fluxes, disturbance,
and coastal events

o
T
= Cover (Landsat) Land Cover (LDCM) Land Cover (LDCM 1}
Ocean Color (SeaWiFS, MODIS

ecological forecasts and improved climate change projections

Goals: Global productivity and land cover change at fine
resolution; biomass and carbon fluxes quantified; useful
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Active Fluerescence: A powerfiull Analytical Tool

Optical Complexity of Coastal Waters: CDOM, complex algal composition, suspended sediments, high turbidity

Spectral discrimination between CDOM and Pigment Actlve Fluorescence:

CDOM & Fluorescence, Raman and Elastic Scattering

Chlorophyll

/ fuorescence ||} g High sensitivity & Spectral
discrimination between CDOM
m” and pigment fluorescence,
Raman and elastic scattering

) <4— Chlorophyll a Phycoerythrin
{ i/ florescence .| fluorescence . . i
N / | Enhanced selectivity provided
J y

stpeg:tral fluorescence
T Water /" at|0n
” \ ‘ " [~ Raman ‘
Laser, Laser,
532 nm

473 nm

fluorescence

e

4 exci

Water Raman / 1 Potential for assessment of
algal pigments, physiology,
and dominant groups

Selective spectral fluorescence excitation Fluorescence induction assessment of 1 Variety of platforms: ships
o P panign Pament and phytoplankton physiology drift_er?,, bu_ogls, autonomoug '
vehicles, airplanes (LIDAR),
AU satellites (PhyLM?)
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1 New: Works remotely and can
be as accurate as HPLC
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.

Airborne

Oceanographic

| LIDAR: Chl-a,
== Phycoerythrin, and
CDOM fluorescence;
Variable fluorescence

= — (physiology)

Shipboard Laser

Fluorometer: Chl-a,
Phycoerythrin, and
CDOM fluorescence

D

Laser Excitation/Emission
Matrix (LEEM) Analyzer:
Hyperspectral FEX/FEM
pigment/CDOM

~ | Laser Phytoplankton
“1 Analyzer: FEX 5 (473,
I 532,639, 651, 666 nm),
Hyperspectral FEM,

Variable fluorescence

(physiology)







LLPA Field Test: Laser EEM Assessment of Chil-a

Concentration Can be as Prec

ise, as| HPLC Analysis!

[
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Airboerne LIDAR + Shipboard HPLC: Validation off Chi-a

Ocean Color Algorithms ini Coastal andl Estuarine; Areas

Satellite-Airborne-Shipboard Experiment, October 2003

MODIS Aqua Validation with Airborne AOL and Shipboard HPLC Measurements
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MODIS Aqua Validation with Airborne AOL and Shipboard HPLC Measurements 7 ChI_AOL_L6
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* Shipboard HPLC: Conversion
LIDAR Chl fluorescence into Chl
concentration, pg/l

* Airborne LIDAR: filling
space/time satellite-ship gap

« Satellite Chl algorithm validation
in the Chesapeake and Delaware
Bays: “Chl-a2” worked best of all

shore line
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Pump&Prebe (P&P) LIDAR:
Alrborne! Eltorescence Assessment of
Phavioplankten PhRysiclogy.
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P&P. LIDAR: 2D Mapping

Dfe|aWare§ Bay, Chlorophyll Fluorescence Phycoerythrin Fluorescence

March 23, 2002

Durati
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3. LLaser Ellorescence: EXcitation
(F=,0) [ =EMission (FEMD) AnllYsls:
[prlgreyeel Zrivigoleltor]

Plgarierie/Grotly Crlerelcierizetion)




Cyanobacteria

LLPA: Spectral diversity of emission

bands allows improved
algal/pigment characterization

Rhodophytes

Cryptophytes

% /

® e 2
3 5 3

a
R=]
]

- «Storeatula mdjor (G)

- «Phaeodactylum tyficornutum (Phaeo)
—Synechococcus bagillarius(Syn)
— *Synechocogcus Sp. (WH)
= +Porphyridium gruentum (PO)

- +Dunaliella tertiolecta (DU)

ERRTTTR 21N
W 89

\u gb-

K

WAL L.

Chlorophyll a
fluorescence

with the LPA system

Table 1. Strains of phytoplankton studied

Dunaliella tertiolecta

Chlorophyte

Nanochloris atomus

Chlorophyte

Storeatula major

Cryptophyte

Allophycocyanin
fluorescence

Synechococcus bacillarius

Cyanobacteria

*630 680
*Wavelength

+780

<530 \/ 580 730
Phycoerythrin -
fluorescence Phycocyanin

fluorescence

Fluorescence EMission (FEM) spectra of phycobilin-

containing phytoplankton and cyanobacteria. Chl-a FEM
signatures of chlorophyte Dunaliella tertiolecta and diatom
Phaeodactylum tricornutum are displayed for comparison

Synechococcus sp. Cyanobacteria
Pﬁaeodacty/um Diatom
tricornutum

Skeletonema costatum Diatom
Thalassiosira weissflogii Diatom
Navicula sp. Diatom
Aureococcus Pelagophvte
anophagefferens gopny
Pycnococcus provalosii Prasinophyte
Pavlova lutheri Prymnesiophyte

Prorocentrum minimum

Dinoflagellate

Porphyridium cruentum

Rhodophyte




FEX Spectra of NPB' Algal Species: Assessment

ofi Pigment-Specific FEX Components

FEXChl-a(}“)

pm_ax_04.sp (Chia - red, Chic - green, PSC - blua)
2//—\ Chl-a FEX spectrum, || i
PN Dinoflagellates
. _/ :
: / f,,\ 5 FEXChl-bO")

05 - ‘—-b..__,/ f o E T

400 450 500 550 B0 &50 % FEXPSC(X)

4 tw_ex_n2 sp (Chia - red, Chic - green, PSC - blug) - o "
20 Chl-a FEX spectrum,

it Diatoms
QB :

?(i,‘U

A - / / Pigment-specific FEX components, FEX,, .. FEX,, ,,
FEX,,. and FEX :

du_ex_n2.sp (Chla - red, Chib - green, PSC - blue)
14 T T T T T

2p A ﬁ N\ Chl-a FEX spectrum,
0 e W Chlorophytes

| Deconvolution of FEX species spectra into 10 gaussian
components (best fitting)

v 1 Reconstruction of pigment-specific FEX components
Hr for each species
i AN N NN 1 Averaging of the pigment-specific FEX components

over a group of species examined

400 450 500 550 600 650 700




LLPA Field Test: Laser Fluorescence Assessment of

None-Fluorescent Accessory: Pigments

2 DelCruise - started mo.nip7

FEX: 639 nm, FEM: 685 nm

Rsq =0.74

=)
T

Chl-b / Chl-a, a.u.

Fle Edt wview Tool m p<€/Chl-a concentration ratio (HPLC) v :. FEX_639/FEX_666 (LPA)

4
'\h

Measurements of
Chl-a fluorescence
with excitation at
639 and 666 nm
provide Chl-¢/Chl-a
assessment

FEXChl-a(}“)

FEXChl-c(}“)

EXChl-b(x)

Measurements of
Chl-a fluorescence

with excitation at

651 and 666 nm
provide Chl-b/Chl-a
assessment

Variability in

0.0 !
0.2 0.3

0?4 0?5 016 0.7
FEX_651/FEX_666, a.u.

abundance of
cryptophytes vs.
cyanobacteria?

Alloxanthin concentration, ug
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03[

550
Wavelength (nm)

FEXp5c(M)

Alloxanthin concentration (HPLC) vs.
phycoerythrin fluorescence/Raman (LPA)

FEX: 532 nm, FEM = 685 nm

Rsq = 0.98

FEX: 5632 nm, FEM: 685 nm
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llaser Pigment Analyzer: Identification of Major

Algal Groups with' 5-wavelengti FEX off Chi-a

Dunaliella Tertiolecta Nanochloris atomus Aureococcus anophagefferens Synechococcus bacillarius Synechococcus sp.
Chlorophyte Chlorophyte Pelagophyte Cyanobacteria Cyanobacteria
DU NA AU SY_pe WH_pe

0.4 0.4 05 0.6
0.6

0.5
04 05

03 04 04
0.3 0.3

0.2 0.2
0.1 0.1 0.1

02

00 00 0.0

G_pe PO_pe
04
0.7
03 06
g 0.5
N 02 0.4
0.3
0.1 0.2
0.1
00 0.0 0.0
1 2 3 4 5 1 2 3 4 5 ! 2 3 N ° 1 2 3 4 5 1 2 3 4 5
Pycnococcus provalosii Thalassiosira weissflogii Prorocentrum minimum Storeatula major Porphyridium cruentum
Prasinophyte Diatom Dinoflagellate Cryptophyte Rhodophyte

FEX 5 signatures of phytoplankton and cyanobacteria measured with Laser Phytoplankton Analyzer (LPA). Bar patterns
represent efficiency of Chl-a fluorescence excitation with laser excitation at: 1 —473 nm; 2 — 532 nm; 5 — 639 nm; 4 — 651 nm; 5 — 666 nm
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Hhi.

LEEM pattern: 2D excitation-

emission matrix analysis

Andor QStar

LEEM Analyzer:
e Fast excitation scans (410-670 nm)
e ‘Instant’ high-resolution FEM analysis

 High sensitivity to analyze natural
phytoplankton populations

e Laboratory and shipboard operation



October 2005 Initial Shipboeard LLEEMI Tiests

~ Water
Sample

Chlorophyll
fluorescence,

\

Water Raman | , 685 nm
scattering,
633 nm

A shipboard prototype system includes an optical Phycoerythrin

fluorescence,

parametric oscillator (OPO) for wavelength- 590 nm

tunable excitation in 410-680 nm range, and a
CCD spectrometer for hyperspectral analysis of
laser-stimulated pigment emission. The LEEM
fluorometer was tested in the Chesapeake and
Delaware Bays and Delaware River in October
2003.
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Prototype FEX/FEM LIDAR: Wavelength-Tunable

Excitation & Hyperspectial Signal Detection

AOL YAG
laser

: _f‘ S~~~

generator

telescope

GPS

AOL YAG laser, 100 mJ [

GN

—T—

computer

PC

Hyper-
spectral
detector,
400-800
nm

Gater]

ICCD ‘—EL

. ¥ | OPO: 1 mJ,

400-670 nm

beam
expander

.

spectrograph

OPO beam

AOL YAG
laser beam




Prototype FEX/FEM LLIDAR: Airborne Tests in the

Chesapeake, Bay and Middle Atlantic Bight, Oct. 2003
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OPO-stimulated signal: 1 mJ
excitation, 400-670 nm, 20 Hz

20mi

e |

YAG laser-stimulated signal:
100 mJ pulse, 532 nm, 4 Hz

OPO/ICCD LIDAR measurement protocol:

* OPO excitation: 435 (2 passes), 450, 460, 478, 495, 540
nm, 20 Hz rep.rate, 1 mJ per pulse

* AOL laser: 5 Hz rep. rate, 100 mJ per pulse
» ICCD camera: gated with 100 ns pulse, hyperspectral

signal detection in 400-900 nm range




Prototype FEX/FEM LIDAR: Potential for remote
identification of dominant algall groups

Chesapeake Bay,
Laboratory FEX measurements: Oct. 8, 2003

prm_ex_04.5p (Chia - red, Chic - green, PSC - biug)
T T T

N,

N\

Chl-a FEX spectrum,
Dinoflagellates

® 495 nm

Chl-a FEX efficiency for Dinoflagellates, Lab measurements

tw_ex_n2.sp {Chia - red, Chic - green, PSC - biug) Chl-4 FEX efficiency, Airborne LIDAR measurements
| ' ' PEB/PUB FEX,
Chl-a FEX spectrum, |1 490-565 nm
Diatoms -y . ‘
: N “‘
du_ex_n2.sp (Chla - red, Chib - green, PSC - blue) e —
14 T T T T T
Ch"ac';ﬁﬁfgslfxg ] * Blue FEX (435-478 nm): Dinoflagellate dominance (high Chl-c)
e VLY * Green FEX (495, 540 nm): Presence of phycoerythrin- (PE)
VAN containing species with high PEB/PUB ratio
o] N ] * Orange FEM peak (590 nm): Cryptophyte dominance among
“ o PE-containing groups (incl. cyanobacteria and rhodophytes)




5. Phy L

Feasibility of Active
Fluorescence
Measurements




Lidar Objectives

accuracy and precision of passive data

Active measurements of backscattering,
again supporting passive data

Objective 3: Active, dark-side fluorescence to improve
coastal & high-productivity data products

The PhyLM Mission

Active measurements of beam attenuation,
for improved phytoplankton carbon products



PhyLLM vs. AOL: Lidar Fluorescence Measurements
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ad
/ | 6, Assessment of Phytoplankton
/ Physielegy: andr Productivity frem: Natural

Fluerescence; : Bad News; Geodl News:..




/ turall Fluerescence : Good News (feasible In nigh latitudes

High PAR:
CFE is controlled by NPQ;
Physiology is non-retrievable
(don’t shoot the messenger)

Low PAR:
"CFE’ depends on
physiology, f, and PAR

Instantaneous Photosynthetically Available ‘

Radiation (IPAR) December 2001
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PSII photochemical efficiency
under ambient light:

®,’(PAR, ) =F '/F, > =
C ,(PAR)FK/(K;+C, (PAR) K, +K\(PAR))

Fluorescence Assessment of Primar

@, =FvIFm

CFE:
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Productivity: (PP):

High PAR: ©,’(PAR, f) drops, but
still depends on physiology, which is
non-assessable because the CFE
_dependence on physiology is weak;
still may work regionally with
airborne LIDAR input on “f

Low PAR (high latitudes):

should work!




\View: from Moon: Global Assessment of Algal

Physielogy: & Proeductivity frem Natural Fluorescence

Moon-based Earth-observing system:
» Continuous dynamic spectral imaging of natural
fluorescence under low-light regime can provide
global assessment of phytoplankton physiology,
f, for improved estimates of primary productivity.

* A biophysical model, which accounts for algal
physiological variability, can be utilized:

PP = ARP/Z @, (PAR, f)¢. M,

Alternative platforms: Geostationary satellites
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Concluding Note:
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